We observe spectral broadening of femtosecond pulses in single-mode anatase-titanium dioxide (TiO 2 ) waveguides at telecommunication and near-visible wavelengths (1565 and 794 nm). By fitting our data to nonlinear pulse propagation simulations, we quantify nonlinear optical parameters around 1565 nm. Our fitting yields a nonlinear refractive index of 0.16 × 10 −18 m 2 /W, no two-photon absorption, and stimulated Raman scattering from the 144 cm −1 Raman line of anatase with a gain coefficient of 6.6 × 10 −12 m/W. Additionally, we report on asymmetric spectral broadening around 794 nm. The wide wavelength applicability and negligible two-photon absorption of TiO 2 make it a promising material for integrated photonics.
Introduction
Integrated nonlinear optical devices have enabled many applications for traditional telecommunication wavelengths (1300-1600 nm), ranging from all-optical switches, wavelength converters, amplifiers and lasers, to applications in metrology and quantum information [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . However, few materials are optimal for the unique features of the near-visible window (NVIS, 800-1300 nm). Devices with NVIS compatibility could link and process signals between different communications bands throughout the full communications octave (800-1600 nm) and exploit efficient sources for optical interconnects [11, 12] . Additionally, such devices would open up applications in biology (exploiting the low water absorption in the NVIS) [13] [14] [15] [16] and integrated quantum optics (utilizing inexpensive, high-performance silicon single-photon detectors) [17] . Despite their promise, nonlinear optical applications for NVIS wavelengths are almost completely unexplored due to insufficient integrated materials.
Material properties dictate the operating wavelength for optimal performance in all-optical devices. An ideal nonlinear optical material will achieve a maximum effective nonlinearity while minimizing two-photon absorption (2PA) and have a high refractive index to enable strong dispersion engineering for all wavelengths of interest. The nonlinear index of refraction (n 2 ) depends on the bandgap energy (E g ) and scales as E −4 g , strongly favoring narrow-bandgap materials [18] [19] [20] . This bandgap-dependence explains silicon's high nonlinearity (E g = 1.1 eV, n 2 = 4-6 × 10 −18 m 2 /W [21, 22] ). However, strong 2PA in silicon at telecommunication wavelengths limits many all-optical devices [23, 24] . Many materials such as chalcogenide glass [25] , AlGaAs [26, 27] and GaInP [28] have excellent nonlinear optical properties for the 1300-1600 nm telecommunication band, yet are limited by 2PA in the NVIS window. For maximum performance at a given operating wavelength, the scaling rules suggest avoiding this limit by selecting a material with bandgap energy of slightly more than twice the single-photon energy.
Using these guidelines, we should achieve maximum performance in the NVIS window using a material with a bandgap energy of 3.1 eV.
Titanium dioxide's (TiO 2 ) unique balance of large optical nonlinearity and wide wavelength compatibility makes it optimal for NVIS operation. TiO 2 exists in several crystalline phases including rutile (E g = 3.1 eV), anatase (E g = 3.2 eV), and brookite (E g = 3.1 eV) making it ideal for wavelengths near 800 nm [29, 30] . Although there are no reported nonlinearity measurements of bulk anatase, for thin films the value of n 2 for anatase is very similar to that for rutile [33, 39] . The visible transparency and minimal 2PA near 800 nm make TiO 2 most comparable to silicon nitride [1] . However, TiO 2 has a reported Kerr nonlinearity that is over three-times greater than silicon nitride, it possesses a greater refractive index (2.4 versus 2.0), and it can be deposited at low temperatures (< 400 • C), allowing for back-end integration with silicon microphotonic devices [31, 40, 41] . Even though TiO 2 is well suited for NVIS applications, integrated nonlinear optical devices in TiO 2 remain undeveloped and unexplored.
In this study, we demonstrate and characterize nonlinear pulse propagation in recently developed anatase TiO 2 waveguides [40]. We observe nonlinear spectral broadening of femtosecond pulses with central wavelengths (λ 0 ) of 1565 and 794 nm, spanning the communications octave. We fit our measurements to simulations to quantify nonlinear optical parameters and we discuss potential applications for this new material platform. This study represents the first demonstration of optical nonlinearities in integrated TiO 2 devices.
Experimental Procedure
We investigate waveguides of various dimensions to ensure strongly confined single-mode operation at widely spaced wavelengths. We fabricate polycrystalline anatase strip-waveguides on silicon substrates with SiO 2 lower cladding and fluoropolymer top cladding using previously reported methods [40] . The waveguides reported here are 250-nm high, have top-widths of 900 and 200 nm, and are 9 and 6 mm long for measurements at 1565 and 794 nm, respectively. We observe nonlinear pulse propagation by comparing the input versus output spectra of pulses propagating within our waveguides as a function of the input pulse energy. Our measurements are taken with two laser systems: an optical parametric oscillator tuned to 1565 nm and a Ti:Sapphire oscillator centered at 794 nm. We present the laser parameters in Table 1 . A halfwave plate followed by a polarizer controls the pulse energy and polarization. We couple into and out of the waveguides using 0.85 numerical aperture objectives. We measure the output spectra by focusing into a single-mode fiber coupled to an optical spectrum analyzer for 1565 nm and multimode fiber coupled to spectrometer for 794 nm. The shape of the recorded spectra does not change with fiber coupling efficiency, which insures that spectral broadening only occurs within the TiO 2 chips and not within the fibers. Amplitude and phase modulation from a multiphoton intrapulse interference phase scan (MIIPS) system controls the spectrum of the 794 nm pulse and provides a transform-limited duration at the input facet [42] . Even with this correction, we could not form a perfect Gaussian spectral profile. No dispersion compensation was applied for the 1565-nm measurements. The optical propagation losses are 8 and 45 dB/cm measured using the top-view method with coupling efficiencies of −9 and −12 dB/facet calculated from insertion loss measurements (1565 and 794 nm, respectively) [40] . Low-energy spectra are experimentally identical to the input spectra. These low-energy spectra serve as the seed spectra for nonlinear pulse propagation simulation from which we extract nonlinear coefficients. 
Numerical simulation
We quantify the nonlinear optical parameters of anatase TiO 2 by fitting nonlinear pulse propagation simulations to the experimental data. Our simulation solves the generalized nonlinear Schrödinger equation using the slowly varying envelope approximation A(z,t) in the retarded frame, given by:
using the split-step Fourier-transform method [43] . We model linear effects including loss (α 1 ) and dispersion (β 2 and β 3 , where β 2 is the group velocity dispersion). We model nonlinear effects including self-phase modulation (γ), self-steepening, two-and three-photon absorption (α 2 and α 3 , respectively), and stimulated Raman scattering (through the temporal nonlinear response function R(t)). Simulations with and without self-steepening (due to the i ω 0 ∂ ∂t term) are very similar. In addition, A eff is the effective area for nonlinear absorption. We obtain a noiseless starting spectrum by fitting analytical functions (sech 2 for 1565 nm and a summation of Gaussians for 794 nm) to the measured low-energy spectrum. For each central wavelength, we calculate linear waveguide parameters that determine light-matter interactions such as the effective area and chromatic dispersion. We extract the nonlinear coefficients by minimizing the mean squared error between simulated and measured data while leaving linear parameters fixed. The values extracted represent a single model that applies to all of the measured data at one wavelength.
Simulating the mode structure of the waveguides allows us to calculate the number of modes and linear waveguide parameters. We determine the energy distributions, F(x, y), and propaga-tion constants within the waveguide (shown in Figs. 1(b) and 1(c), 1565 and 794 nm, respectively) using a finite-difference eigenmode solver. The 900-nm waveguide only supports a TE mode for λ 0 = 1565 nm and the 200-nm waveguide supports fundamental TE-like and TMlike modes for λ 0 = 794 nm, simplifying pulse propagation simulation. Having identified the number and distributions of the modes, we calculate the effective nonlinearity and chromatic dispersion.
The strength of the nonlinear interaction is given by the effective nonlinearity γ, which we calculate from the energy distribution using [43] :
Using n 2 = 3×10 −20 m 2 /W for both silica and the fluoropolymer top cladding and γ determined during fitting, we solve this equation for n 2 in the TiO 2 core. The nonlinearity attributed to the cladding is 10 % for 1565 nm and less than 1 % for 794 nm. Assuming no nonlinear absorption in the cladding, we use a similar expression to calculate effective nonlinear absorption areas, A eff , of 0.43 and 0.16 µm 2 for 1565 nm and 794 nm, respectively [43] . Our model includes the waveguide's group velocity dispersion (GVD), which determines the temporal pulse spreading. GVD reduces the observed nonlinearity for positive (normal) values and leads to complex soliton phenomena for negative (anomalous) values. We calculate the GVD by evaluating the wavelength-dependent propagation constant. We observe lower GVD for the TM mode around 794 nm and therefore conduct all analysis and measurements using TM polarization. The GVD is 1450 and 1480 fs 2 /mm, corresponding to dispersion parameters D = −1120 and −4420 ps/nm/km around 1565 and 794 nm, respectively. The GVD for both waveguides is normal, which enables deterministic broadening and simplifies parameter extraction.
In addition to dispersion and self-phase modulation, the pulse may experience stimulated Raman scattering (SRS), causing photons to scatter inelastically during propagation. It is necessary to add this effect to our simulation because of the strong Raman peaks observed in anatase TiO 2 [44] . The shift (Ω R ), bandwidth (Γ R ), and peak Raman gain (g R ) are characteristic of the waveguide material [43, 45] . In anatase, we expect the 144-cm −1 Raman line to be the dominant source of SRS [44] . The simulation includes SRS as the sum of an instantaneous and a delayed nonlinearity in the temporal nonlinear response function:
where R(t) is the nonlinear response as a function of time, f R is the fractional strength of the delayed response, δ (t) is the Dirac delta function, and h R (t) is the delayed Raman response function. The Raman gain (g R ) is related to f R through f R = g R Γ R /(n 2 k 0 Ω R ), where k 0 is the free-space wavevector. We model the Raman response as a Lorentzian using [46] :
The parameters τ 1 and τ 2 relate to the frequency shift, Ω R /(2π), and width, Γ R /π, of the Raman gain spectrum through τ 1 = 1/(Ω 2 − Γ 2 R ) 1/2 and τ 2 = 1/Γ R [43, 45, 47] . By including SRS, this simulation models all linear and nonlinear optical effects expected in our measurements, except for the wavelength-dependence of 2PA, which only occurs near the half-bandgap (775 nm), and third-harmonic generation. Figure 2 shows measured and simulated spectra for a 900-nm wide anatase TiO 2 waveguide using a 170-fs pulse at λ 0 = 1565 nm. We present the extracted nonlinear parameters in Table 2 . Comparing the lowest and highest energies, we observe broadening by a factor of 3.8, measured −15 dB below the peak. We observe a reasonably good fit for pulse energies up to 229 pJ, while the modulation of the peak at 443 pJ is stronger experimentally than in our simulations. . Measured (thick) and simulated (thin) spectral broadening for a 900-nm wide polycrystalline-anatase TiO 2 waveguide at λ 0 = 1565 nm at incident energies from 29 pJ to 443 pJ. As the energy is increased, oscillatory features appear in the central peak and a secondary peak around 1600 nm emerges for energies greater than 120 pJ.
Experimental and simulation results
We observe two distinct features in the 1565-nm data. First, we see a rounding of the central peak for energies of 172-229 pJ (corresponding to a 3 / 4π nonlinear phase shift in the simulation) followed by an M-shaped oscillatory structure for 443 pJ. This structure corresponds to a π phase shift in the simulation and is a result of self-phase modulation. Second, we observe an additional asymmetric peak around 1600 nm for a pulse energy of 120 pJ. This peak corresponds to an energy difference of 140 cm −1 from the 1565 nm peak and is similar to the 144 cm −1 Raman shift in anatase [44] . Therefore, we fix τ 1 to 37 fs to correspond to 144 cm −1 . Additionally, the peak red shifts with higher pulse energies, an effect which becomes strongly pronounced at 443 pJ. Setting f R to zero in the simulation turns off SRS and removes the asymmetric peak while retaining the dominant features in the central peak. Figure 3 shows measured and simulated spectra for a 200-nm wide anatase TiO 2 waveguide using a 85-fs pulse (λ 0 = 794 nm) with the simulation parameters shown in Table 2 . We were unable to reliably fit all Raman parameters. Consequently, we fix τ 1 to reported bulk values, then fit τ 2 and f R [44] . The pulse spectrum broadens by a maximum factor of 3.2 for a 56-pJ pulse. Both the output energy and broadening factor saturate at high pulse energy. Turning off 2PA in the simulation removes this saturation. The oscillatory structure that appears in the 794-nm data is more chaotic than the 1565-nm data set. We observe an asymmetry whereby the central peak appears red-shifted; this is much stronger than for 1565 nm. Setting f R to zero removes the asymmetry in the simulation. The maximum phase shift observed in the simulation is 1.1π. Although the spectral broadening is relatively strong around 794 nm, we are unable to model all the features in the data accurately. 
Discussion
Designing nonlinear optical devices in anatase TiO 2 requires that we understand the distinct features in this new material platform, from nonlinear refraction and absorption to stimulated Raman scattering. We will first focus on the 1565-nm data set, as it has low noise and displays simple features that we can readily model, and then we comment on the 794-nm data set. The largest source of uncertainty is the measured loss (±50%) [40] . Performing a fit using these extremes corresponds to a maximum uncertainty of ±20% for all parameters. The quality of the 1565-nm data set enables reliable parameter extraction that we can use to assess TiO 2 's applicability to all-optical devices.
Telecommunication wavelengths
Understanding the interplay between nonlinear refraction and absorption in TiO 2 is critical for all-optical devices. Our value of n 2 around 1565 nm (0.16 × 10 −18 m 2 /W) is an order of magnitude lower than typical values for TiO 2 (0.8-3 × 10 −18 m 2 /W [31-35]). The decreased value of n 2 at telecommunication wavelengths is consistent with theoretical models [19, 20] . In our simulation, we neither expected nor included 2PA at 1565 nm. A small amount of three-photon absorption (α 3 = 0.1 mm 3 /GW 2 ) was included in the model to account for output saturation. We observe a similar trend when using continuous-wave excitation at similar average powers; therefore, this effect may be the result of thermal coupling drift. Our measured value of n 2 is lower in anatase (0.16 × 10 −18 m 2 /W) than for silicon nitride (0.24 × 10 −18 m 2 /W, 1550 nm) [48] . However, the higher linear refractive index of TiO 2 (2.4 in TiO 2 versus 2.0 in silicon nitride) results in stronger confinement and leads to effective nonlinearities (γ) 1.1 times stronger in TiO 2 than in silicon nitride [49] . Our measurement around 1565 nm shows strong effective nonlinearities that are unaffected by 2PA, making TiO 2 a promising material for applications at telecommunication wavelengths. A high nonlinearity enables maximal nonlinear phase accumulation in devices, however physical effects, such as loss and dispersion, limit the achievable phase shift. The π phase-shift we observe (443-pJ, 1565 nm) is sufficient for distributed feedback gratings, and a 2π phaseshift (needed for a nonlinear Mach-Zehnder interferometer) is achievable with nJ pulses [23]. To reduce this energy requirement, we identify the strongest effects by comparing the length scales at which different effects become relevant. Using the peak power P 0 , pulse duration T 0 , group velocity dispersion β 2 , and the loss α 1 , we calculate a minimum nonlinear length (γP 0 ) −1 of 0.27 mm (443 pJ, 1565 nm), a loss length α −1 1 of 5.4 mm, and a dispersion length T 2 0 /|β 2 | of 19 mm. For this 9-mm device, linear loss is the dominant parasitic effect. This loss may be the result of the deposited material's polycrystallinity and sidewall roughness, as seen in Fig. 1(a) . Therefore, future research should focus on reducing linear propagation losses. Low-loss TiO 2 waveguides would benefit from dispersion engineering to enable applications such as all-optical switching, four-wave mixing, and supercontinuum generation.
In addition to balancing nonlinear refraction and absorption, SRS is an important effect for all-optical devices. SRS appears as a secondary peak in the 1565-nm data, causing a pronounced asymmetry that we must model when simulating devices. If we perform a second fitting that includes τ 1 , we extract a τ 1 value of 33 fs, which corresponds to a Stokes shift of 161 cm −1 (Ω R /(2π) = 4.8 THz), which is close to the 144-cm −1 line in the spontaneous Raman spectrum and observed in other studies [38] . This energy shift is smaller than silica (402 cm −1 , τ 1 = 12.2 fs) [46] and silicon (520 cm −1 , τ 1 = 10.2 fs) [22] . SRS becomes relevant when our pulse bandwidth spans the Raman energy shift and thus, should be included when modeling short pulses (< 200 fs) in anatase.
The bandwidth and strength of SRS opens up additional applications for TiO 2 . Anatase's crystallinity results in a measured response time of τ 2 = 1.4 ps, which is similar to other reported values (1 ps) [38] . This response time corresponds to a bandwidth (Γ R /π = 230 GHz) that is much narrower than amorphous silica (10 THz) and comparable to other crystalline materials such as silicon (105 GHz). Additionally, our extracted value of the Raman fraction, f R = 0.18, is consistent with silica ( f R = 0.18) [46] and larger than silicon ( f R = 0.0664) [22] .
The strength of f R leads to peak Raman gain coefficients of 6.6 × 10 −12 m/W, which is 130 times that of silica (5 × 10 −14 m/W) and an order of magnitude lower than silicon (2 × 10 −10 m/W) [22] . Unlike silicon, the extended transparency of anatase allows Raman amplification throughout the NVIS spectrum, and the narrow shift reduces problems associated with pulse walk-off. The high gain and narrow bandwidth of SRS in anatase may enable ps-pulse and continuous-wave Raman amplifiers, extending into the visible and NVIS windows.
Near-visible wavelengths
Our 794-nm studies provide the first observation of spectral broadening in TiO 2 waveguides in the NVIS window. Our value of n 2 around 794 nm agrees well with most literature values for the nonlinear index of bulk and thin-film TiO 2 [31] [32] [33] [34] [35] . In addition, the wavelength-independent 2PA (7 × 10 −12 m/W) is of the same order of magnitude as that measured in bulk rutile and may pose a limit for all-optical devices around 800 nm [23, 31] . As was the case with the 1565-nm data set, thermal coupling drift may be the source of the apparent 2PA. Although 2PA may be present, we expect that operating at longer wavelengths (i.e., 850 nm) will eliminate 2PA.
The complex structure and additional un-modeled nonlinear effects increase the uncertainty in our analysis around 794 nm compared to 1565 nm. The intricacies around 794 nm may be a result of the input pulse's structure. The delayed Raman effect attempts to model the asymmetry in the simulation, resulting in an extremely high Raman fraction (0.64), which may be unphysical. This asymmetry may be partially attributed to wavelength-dependent 2PA, which we did not model. This effect is significant in rutile TiO 2 around its half-bandgap (800 nm) [31] . The expected 2PA edge of anatase (775 nm) should not affect the majority of our data, however, a linear absorption (Urbach) tail may extend the linear and nonlinear absorption to lower energies [50] . Alternatively, the crystalline phase may have partially transformed to rutile during fabrication, leading to stronger 2PA for wavelengths shorter than 800 nm. In addition, uncertainties in the input pulse's shape may affect our analysis. We expect that including wavelengthdependent 2PA would reduce the delayed Raman fraction to values similar to those around 1565 nm. The lower quality of the 794-nm data and un-modeled physical processes imply that our analysis should only be considered an order of magnitude estimate, warranting further study in the NVIS spectrum.
Conclusion
We observe and quantify spectral broadening in polycrystalline anatase TiO 2 waveguides at two wavelengths ranging from NVIS to telecommunication wavelengths. Using pulse energies of tens to hundreds of pJ, we observe broadening factors greater than 3. Around 1565 nm, the strong effective nonlinearity and the absence of two-photon absorption can facilitate ultrafast, non-resonant all-optical switching applications. Additionally, the small energy shift and high Raman gain of SRS may enable efficient devices such as Raman amplifiers and lasers. The first spectral broadening measurements in the NVIS spectrum show a nonlinearity that agrees well with bulk TiO 2 values. Finally, as we expect little 2PA, we are unable to accurately quantify 2PA in our devices. Based on these first nonlinear results in TiO 2 waveguides, we show that TiO 2 is a promising material for future integrated nonlinear photonics applications throughout the communications octave.
